Introduction
Recombinant T-cell receptor (TCR) ligands (RTLs) containing the membrane distal ␣1 ϩ ␤1 domains of class II major histocompatibility complex (MHC) molecules linked covalently to specific peptides can be used to regulate T-cell responses and inhibit clinical experimental autoimmune encephalomyelitis (EAE). RTLs were shown to signal directly through the TCR as a partial agonist, and could prevent and treat active or passive myelin basic protein (MBP)-induced monophasic EAE in Lewis rats (Burrows et al., 1998; Wang et al., 2003) , myelin oligodendrocyte glycoprotein (MOG)-induced chronic EAE in HLA-DR2 transgenic mice Chou et al., 2004; Link et al., 2007) , proteolipid protein (PLP)-induced relapsing EAE in SJL/J mice (Huan et al., 2004) , and MOG-35-55-induced chronic EAE in C57BL/6 mice (Sinha et al., 2007) . RTL constructs derived from DR2 inhibited activation and secretion of proinflammatory cytokines, and also induced IL-10 secretion in human DR2-restricted T-cell clones specific for MBP-85-99 or cABL peptides Chang et al., 2001) . One such DR2 construct, RTL1000, containing the MOG-35-55 peptide, is currently in a phase 1 safety trial in multiple sclerosis (MS) subjects.
The applicability of antigen-specific therapies for MS is challenging due to lack of a single obvious target antigen and the possible involvement of multiple myelin-reactive CD4 and CD8 T-cell specificities in the inflammatory phase of disease (McFarland and Martin, 2007) . Studies using RTL therapy for EAE thus far have demonstrated peptide-specific effects on clinical and histological EAE (Burrows et al., 1998; Vandenbark et al., 2003; Huan et al., 2004; Offner et al., 2005; Sinha et al., 2007) . That is, EAE induced with a given encephalitogenic determinant can only be treated with RTLs containing the same (cognate) but not a different (noncognate) peptide. To evaluate the potential of RTL treatment for MS patients, it is important to address the issue of whether a single RTL can affect T-cells with multiple specificities. We here address this issue by using single RTL constructs to treat EAE induced with whole spinal cord extracts or multiple encephalitogenic peptides. The results demonstrate that a single RTL can successfully treat ongoing EAE induced with a mixture of encephalitogenic determinants by switching the profile of cytokines secreted by the targeted T-cell specificity from inflammatory to anti-inflammatory factors that can inhibit bystander T-cells with a different TCR specificity. Thus, a single RTL construct can effectively treat disease induced by multiple T-cell specificities, provided that the cognate T-cell specificity is present.
Materials and Methods
Animals. SJL/J female mice were obtained from The Jackson Laboratory at 7-8 weeks of age. The mice were housed in the Animal Resource Facility at the Portland Veterans Affairs Medical Center (Portland, OR) in accordance with institutional guidelines. The study was conducted in accordance with National Institutes of Health guidelines for the use of experimental animals, and the protocols were approved by the Institutional Animal Care and Use Committee.
RTL402 and RTL403 constructions. General methods for the design, cloning, and expression of RTL (including RTL401 used in this study) have been described previously (Burrows et al., 1999; Huan et al., 2004; Offner et al., 2005) , and were used in the production of two new RTL constructs for use in mice expressing I-A s , RTL402 (I-A s moiety with covalently attached PLP-178 -191 peptide) and RTL403 (I-A s moiety with covalently attached MBP-84 -104 peptide). In brief, mRNA was isolated from the splenocytes of SJL mice using an Oligotex Direct mRNA mini kit (Qiagen). cDNA encoding the antigen-binding/TCR recognition domain of murine MHC class II I-A s ␤ and ␣ chains was derived from mRNA using two pairs of PCR primers. The two chains were sequentially linked by DNA encoding an amino acid linker (GGQDD) in a two-step PCR, with NcoI and XhoI restriction sites added to the 5Ј and 3Ј ends, respectively. Additional sequence encoding the PLP-178 -191 (C183S) peptide (NTWTTSQSIAFPSK) and a flexible linker (GGGGSLVPRGSGGGG) was added to the 5Ј end of the synthetic gene encoding RTL400 to form RTL402. The same technique was used to link sequence encoding the MBP-84 -104 peptide (VHFFKNIVTPRTP-PPSQGKGR) to RTL400 to form RTL403. The murine I-A s -derived peptide-␤1␣1 genes were ligated into pET21d (ϩ) vector and transformed into Nova blue Escherichia coli host (Novagen) for positive colony selection and sequence verification. RTL402 and RTL403 plasmid constructs were then transformed into E. coli strain BL21 (DE3) expression host (Novagen). The purification of RTL proteins has been described previously Huan et al., 2004) . The final yield of purified protein varied between 15 and 30 mg per liter of bacterial cell culture.
Immunization with whole spinal cord homogenate. Syngenic whole spinal cord homogenate (WSCH) was prepared as described previously (Veräjänkorva et al., 2002) . Briefly, spinal cords from SJL/J mice were removed, mixed with an equal volume of distilled water, and homogenized. Mice were injected subcutaneously in the flanks with 0.1 ml of emulsion consisting of an equal volume of 1 mg/ml WSCH (reconstituted in PBS) and CFA containing 4 mg/ml heat-killed Mycobacterium tuberculosis H37RA on days 0 and 7. Mice also received 200 ng of pertussis toxin (Ptx) intraperitoneally on days 0 and 2. The mice were assessed for signs of EAE according to the following scale: 0, normal; 1, limp tail or mild hindlimb weakness; 2, moderate hindlimb weakness or mild ataxia; 3, moderately severe hindlimb weakness; 4, severe hindlimb weakness or mild forelimb weakness or moderate ataxia; 5, paraplegia with no more than moderate forelimb weakness; and 6, paraplegia with severe forelimb weakness or severe ataxia or moribund condition. At the onset of clinical signs of EAE (days 10 -11 when the clinical scores were Ն2), mice were divided into two groups and treated with vehicle (100 l of 20 mM TrisHCl, pH 8.6) or with 100 l of 1 mg/ml RTL401 (containing PLP-139 -151 peptide) subcutaneously for 8 d. Mice were monitored for changes in disease score until they were killed for ex vivo analyses.
Immunizations with peptides. For the mixed peptide immunization experiments, SJL/J mice were inoculated in the flanks with 0.2 ml of emulsion with the following combinations of peptides: 100 g of PLP-139 -151 ϩ 100 g of PLP-178 -191 and an equal volume of CFA containing 2 mg/ml heat-killed Mycobacterium tuberculosis; 200 g of MBP-84 -104/CFA (containing 2 mg/ml heat-killed Mycobacterium tuberculosis) on day 0 and 150 g of PLP-139 -151 ϩ 200 g of MBP-84 -104/CFA (containing 2 mg/ml heat-killed Mycobacterium tuberculosis) on day 7. Mice were also injected with 200 ng of Ptx intraperitoneally on days 7 and 9 relative to immunization with PLP-139 -151 ϩ MBP-84 -104 peptides. Mice were scored as described above, and at the onset of clinical signs of EAE (when the clinical scores were Ն2), mice were divided into three groups and treated with 100 l of 20 mM Tris-HCl as controls or with 100 l of 1 mg/ml RTL401 (with covalently attached PLP-139 -151 peptide), RTL402 (with PLP-178 -191 peptide), or RTL403 (with MBP-84 -104 peptide) subcutaneously for 8 d. Mice were monitored for changes in disease score and were boosted with additional RTL treatments as indicated until they were killed for ex vivo analyses. Mice were also given antihistamine injections when they were boosted with vehicle or RTL treatments as a precautionary measure to prevent any hypersensitivity reaction.
Proliferation assays. Draining lymph nodes (LNs) were harvested from vehicle-and RTL-treated mice on day 39 (for WSCH experiment) and day 26 (for double peptide immunization experiments). A single-cell suspension was prepared by homogenizing the tissue through a fine mesh screen. Cells were cultured in a 96-well flat-bottom tissue culture plate at 4 ϫ 10 5 cells/well in stimulation medium either alone (control) or with indicated test antigens peptides) at varying concentrations. The cells obtained from mice immunized with syngenic whole spinal cord were subjected to a panel of antigens as indicated. Cells were incubated for 3 d at 37°C in 7% CO 2 . Cells were then pulsed with 0.5 Ci of [methyl- 3 H] thymidine (PerkinElmer) for the final 18 h of incubation and were harvested onto glass fiber filters, and tritiated thymidine uptake was measured by a liquid scintillation counter. Means and SDs were calculated from triplicate wells. The stimulation index (SI) was calculated by dividing Ag-induced counts per minute (cpm) by medium control cpm.
Cytokine determination by Luminex Bio-Plex assay kit. Single-cell suspensions of spleens from vehicle and RTL treatment groups, at the end of the experiments, were prepared by homogenizing the tissue through a fine mesh screen. Four million cells, from each vehicle-and RTL-treated group, were cultured in the presence of indicated peptides in a 24-well tissue culture plate for 48 h. Culture supernatants were assessed for cytokine levels using a Luminex Bio-Plex cytokine assay kit (Bio-Rad Laboratories) following the manufacturer's instructions. The following cytokines were determined in a single assay in three (for WSCH) or two (for double peptide immunization) separate experiments: IL-1␤, IFN␥, TNF␣, IL-2, IL-4, IL-10, IL-17, IL-5, IL-6, IL-12, and IL-13.
Histopathology. At the termination of experiment, 4 mice from vehicleand RTL-treated groups were perfused with 0.9% saline followed by cold 4% paraformaldehyde. Spinal cords were removed and postfixed in 4% paraformaldehyde for 48 h. Spinal cords were dissected after fixation and embedded in paraffin before sectioning. The sections were stained with luxol fast blue/ periodic acid-Schiff-hematoxylin to assess demyelination and inflammatory lesions, and analyzed by light microscopy.
Statistical analyses. Mean values from each experiment were compared statistically. Differences in group daily clinical scores, peak scores, and cumulative disease index (CDI) were evaluated by the Kruskal-Wallis test followed by the Mann-Whitney test; incidence was evaluated by Fisher's exact test; disease onset was compared by one-way ANOVA followed by Newman-Keuls test; cytokine secretion and T-cell proliferation data were compared by unpaired Student's t test. Data are represented as mean Ϯ SD.
Results
In previous studies, we demonstrated that RTLs containing encephalitogenic peptides linked to the outer two domains of the restricting MHC class II molecules could reverse clinical signs of EAE (Huan et al., 2004; Offner et al., 2005; Sinha et al., 2007) . However, the efficacy of RTL treatment for MS may be affected by whether or not a single RTL can suppress encephalitogenic potential of multiple T-cell specificities.
Inhibition of EAE by RTL401 in mice immunized with WSCH
We have demonstrated that RTL treatment can successfully treat EAE induced with cognate peptides. Thus, RTL401 can reverse clinical signs of PLP-139 -151 peptide-induced EAE in SJL/J mice; RTL551, MOG-35-55 peptide-induced EAE in C57BL/6 mice; and RTL342M, MOG-35-55-induced EAE in HLA-DR2 Tg mice (Huan et al., 2004; Link et al., 2007; Sinha et al., 2007) . However, successful treatment in MS patients, in which the identity and number of encephalitogenic target antigens are unknown, will likely depend on whether a single RTL can influence multiple T-cell specificities. We addressed this issue first by immunizing mice with syngenic whole cord homogenate, which would contain all the relevant myelin antigens, followed by induction of EAE with multiple epitopes and treating mice with single RTL at onset of clinical disease. For WSCH experiments, mice were immunized with the indicated dose of WSCH, and at onset of clinical signs of actively induced EAE (day 10), mice were treated with RTL401 subcutaneously for 8 d. The RTL treatment was very effective in reducing the clinical severity of EAE and arresting disease progression within 4 d after initiating treatment. Eight days after first treatment completion, mice were boosted with an additional eight consecutive doses of RTL401 and were further observed for 5 more days before killing them on day 39 after immunization ( Fig. 1) . At the end of the experiment, vehicle-treated mice showed a CDI of 71.7 Ϯ 18.5, whereas the RTL-treated mice had a significantly reduced CDI of 37.2 Ϯ 22.4 ( p Ͻ 0.01) (Fig. 1) . The peak disease score of RTL401-treated mice also was significantly lower than vehicle-treated mice (vehicle vs RTL, 4.2 Ϯ 0.5 vs 2.9 Ϯ 1.0; p Ͻ 0.01) (Fig. 1) . The therapeutic effect of RTL401 was highly reproducible in three separate experiments. As indicated in Figure 2 A, panels of 11 and 8 peptides were used to test the proliferative response in cells isolated from LNs and CNS, respectively. Cells from lymph node and CNS showed proliferative responses only to PLP-139 -151 peptide in the vehicle as well as the RTL401-treated group. In addition to PLP-139 -151, cells isolated from the CNS of vehicletreated mice also proliferated to PLP-43-64. Furthermore, cells from CNS of RTL-treated mice showed a significantly reduced proliferation to PLP-139 -151 peptide. Supernatants from splenocytes from RTL401-treated mice stimulated by WSCH in vitro for 48 h had significantly decreased production of IL-17 and TNF␣ compared with spleen cells supernatants from vehicletreated mice (Fig. 2 B) . On the other hand, anti-inflammatory cytokines, IL-4, IL-10, and IL-13, were significantly increased in the RTL401-treated group (Fig. 2 B) , suggesting existence of a strong anti-inflammatory environment in the spleens of RTL401-treated mice.
Reversal of clinical EAE with two new RTL constructs designed for use in SJL/J mice
Having established treatment of EAE with RTL401 in mice immunized with WSCH, we studied the treatment effect in the mice immunized with different combinations of known encephalitogenic peptides in the SJL/J model of relapsing remitting EAE. We constructed two new RTL molecules, RTL402 (I-A s moiety linked covalently to PLP-178 -191 peptide) and RTL403 (I-A s linked to MBP-84 -104 peptide). We first tested the treatment efficacy of these new RTL individually in PLP-178 -191 and MBP-84 -104 peptide-induced EAE. Thymic antigens PLP-178 -191 and MBP-84 -104 (Anderson et al., 2000) were able to induce EAE with comparable severity as nonthymic antigen PLP-139 -151 (Fig. 3) . Figure 3 , A and B, shows that both RTL402 and RTL403 can effectively reverse clinical signs of EAE induced with the respective cognate peptides. The peak disease score and CDI of RTL402-and RTL403-treated mice were significantly lower than in vehicle-treated mice (Fig. 3 A, B) . However, neither RTL402 nor RTL403 could significantly affect EAE scores in mice immunized with PLP-139 -151/CFA, and RTL401 did not affect EAE induced with PLP-178 -191/CFA or MBP-84 -104/CFA/Ptx (data not shown), indicating specificity of RTL treatment for the immunizing peptide. LN cells from RTL402-and RTL403-treated mice showed reduced proliferation when stimulated with respective cognate peptides (data not shown). Similar to RTL401-treated PLP-139 -151-immunized mice, splenocytes from RTL402-and RTL403-treated mice showed reduced production of IL-17 and IFN␥. In addition to IL-10, we also found increased production of IL-4 from RTL-treated splenocytes obtained from mice immunized with a nonthymic antigen such as PLP-178 -191 or MBP-84 -104 (data not shown).
Individual RTL treatment effectively reverses EAE induced with two different peptides
For double peptide immunization experiments, the concentration of the immunizing peptides was adjusted such that immune responses in the lymph nodes could be discerned to each immunizing peptide. Individual RTL401 and RTL402 constructs or RTL401 and RTL403 constructs were used to treat EAE induced with PLP-139 -151 ϩ PLP-178 -191 or PLP-139 -151 ϩ MBP-84 -104 peptides, respectively. As shown in Figure 4 A, RTL401 or RTL402 treatment each reduced the peak severity of the first clinical episode (vehicle vs RTL401, 3.6 Ϯ 0.6 vs 2.4 Ϯ 0.9, p Ͻ 0.01; vehicle vs RTL402, 3.6 Ϯ 0.6 vs 2.1 Ϯ 1.1, p Ͻ 0.01) and CDI (vehicle vs RTL401, 46.3 Ϯ 8.6 vs 33.0 Ϯ 10.9, p Ͻ 0.01; vehicle vs RTL402, 46.3 Ϯ 8.6 vs 28.1 Ϯ 14.7, p Ͻ 0.01) in mice immunized with PLP-139 -151 ϩ PLP-178 -191 peptides. Similarly, RTL401 or RTL403 treatment each were effective in reducing peak disease (vehicle vs RTL401, 2.9 Ϯ 0.9 vs 1.0 Ϯ 0.7, p Ͻ 0.001; vehicle vs RTL403, 2.9 Ϯ 0.9 vs 1.6 Ϯ 0.9, p Ͻ 0.001) and CDI (vehicle vs RTL401, 46.6 Ϯ 13.2 vs 19.1 Ϯ 12.6, p Ͻ 0.001; vehicle vs RTL403, 46.6 Ϯ 13.2 vs 25.4 Ϯ 15.8, p Ͻ 0.001) of EAE induced with PLP-139 -151 ϩ MBP-84 -104 peptides (Fig. 4 B) . In both experiments, eight consecutive treatments with RTL reduced the mean clinical scores to ϳ2. However, in each experiment, a few of the mice in the RTL-treated group began to relapse and therefore all the mice in the treated groups were boosted with three more RTL or vehicle injections before killing them for ex vivo analyses on day 26 after immunization.
Proliferative responses to both immunizing peptides were inhibited by a single RTL As described above, a single RTL can suppress clinical signs of EAE induced by multiple peptides. To verify that each immunizing peptide in the mixture was immunologically active for inducing specific T-cells, lymph node cells from vehicle-injected mice were evaluated for proliferation responses. As shown in Figure 5, A and B , the immunization protocol that we followed did induce good proliferative responses to each of the three peptides used in this study. Overall, the mean stimulation index from vehicle-treated mice was highest (6 -10ϫ) in response to PLP-139 -151 peptide in each experiment (PLP-139 -151 ϩ PLP-178 -191 and PLP-139 -151 ϩ MBP-84 -104 immunizations), with lower SI (ϳ4ϫ) in response to MBP-84 -104 and PLP-178 -191 peptides. The presence of proliferative responses to both the peptides used for immunizations suggests that both encephalitogenic T-cell specificities likely contributed to EAE induction, with PLP-139 -151-reactive T-cells being immunodominant. Of importance, treatment of doubly immunized mice with a single RTL significantly reduced lymph node proliferative responses to both immunizing peptides (Fig. 5 A, B) , indicating RTL suppression of both cognate and bystander T-cells.
RTL treatment induces an antiinflammatory environment in the periphery
Mononuclear cells from spleen were stimulated with respective peptides (control group with PLP-139 -151, PLP-178 -191, MBP-84 -104, and vehicle; RTL401 groups with PLP-139 -151; RTL402 group with PLP-178 -191 and RTL403 group with MBP-84 -104), and culture supernatants were evaluated for levels of secreted IL-2, IL-4, IL-5, IL-6, IL-10, IFN␥, TNF␣, and IL-17. As shown in Figure 6 , RTL401, RTL402, and RTL403 treatments each significantly downregulated IL-17 production and significantly upregulated production of anti-inflammatory cytokines IL-10 and IL-13 after stimulation of splenocytes with cognate peptides. None of the other studied cytokines was significantly different between the groups. These results are highly consistent with our previous data with RTL401 (Huan et al., 2004) and show the exact same pattern of cytokine deviation for RTL402 and RTL403. It is important to note that these changes in cytokine secretion were not present when cells from the RTL401-treated group were stimulated with noncognate PLP-178 -191 or MBP-84 -104 peptides, and the same is true for the RTL402-and RTL403-treated groups as well. This suggests that RTL treatment induces an antigen-specific immunomodulation of the targeted T-cells in the periphery, which then indirectly influence bystander T-cell responses. Cytokine production was also studied in cells isolated from CNS. Mononuclear cells from spinal cord tissue of RTL401-, RTL402-, or RTL403-treated mice produced significantly less IL-17 and IL-2 when stimulated Figure 2 . A, Cells from lymph nodes and CNS were isolated from vehicle-and RTL401-treated mice on day 39 after immunization with WSCH. Cells from four representative mice were pooled and T-cell responses were measured by proliferation to the panel of antigens as indicated in the figure, after 72 h of incubation in stimulation medium, the last 18 h in the presence of 3 H-thymidine. Data are presented as stimulation indices (Ag cpm/control cpm) and are representative of three separate experiments. B, SJL mice were killed 39 d after immunization with WSCH. Splenocytes were harvested and cultured in vitro with 10 g of syngenic WSCH. Supernatants were harvested after 48 h and assayed for cytokine production by using Bio-Plex cytokine assay kit, as described in Materials and Methods. Significant differences between control and experimental groups were determined using Student's t test. Data are presented as the mean Ϯ SD of three replicate cultures from pooled cells, and are representative of three experiments. . At disease onset, mice were divided into two groups and were treated with vehicle (A, B) or RTL402 (A) or RTL403 (B) subcutaneously for 8 d and were scored as described in Materials and Methods. Data presented are the mean of two experiments for each group, with 6 -8 mice per group. Significant differences between control and RTL-treated groups were determined using the Mann-Whitney test.
with cognate peptide than did vehicletreated mice (Fig. 7) . Either other cytokines were not detected or the levels were extremely low in all the groups.
Individual RTLs decrease inflammatory lesions in spinal cords of mice immunized with two peptides
Earlier, we demonstrated that RTL treatment markedly reduced CNS infiltration in mice immunized with PLP-139 -151 (SJL/J) or MOG-35-55 (C57BL/6) peptides. Here we extend these findings to mice immunized with two different encephalitogenic peptides and treated with a single RTL. Histopathological examination on day 26 after immunization revealed dense focal inflammation in spinal cords of vehicle-treated mice immunized with PLP-139 -151 ϩ PLP-178 -151 (Fig.  8 A) or PLP-139 -151 ϩ MBP-84 -104 peptides (Fig. 8 B) , and a marked reduction of these lesions in mice treated with single RTL (Fig. 8) . This observation suggests that T-cells with specificities to both immunizing peptides were reduced in the CNS of mice treated with RTL401, RTL402, or RTL403.
Discussion
Our data demonstrate for the first time that treatment with a single RTL can deviate autoimmune responses of cognate T-cell specificities and induce bystander suppression that reverses clinical signs of EAE in mice immunized with multiple encephalitogenic peptides. We have shown previously that RTL401 (with bound PLP-139 -151 peptide) cannot treat EAE induced by MOG-35-55 peptide. Furthermore, RTL401 cannot treat EAE in mice immunized singly with PLP-178 -191 or MBP-84 -104 peptides, and the same is also true with RTL402 and RTL403. These observations point toward antigenspecific suppression of EAE by RTL modulation of the cognate T-cell specificity. However, here we provide evidence that RTL401 or RTL402 individually can suppress EAE induced with the combination of PLP-139 -151 ϩ PLP-178 -191 peptides. Likewise, RTL401 or RTL403 can suppress EAE in mice immunized with the combination of PLP-139 -151 ϩ MBP-84 -104 peptides. PLP-139 -151 was used as the common immunogen in both sets of experiments described in the current study since it is an immunodominant peptide in SJL/J mice (Anderson et al., 2000) . However, we also used the combination of PLP-178 -191 ϩ MBP-84 -104 to induce EAE and subsequently treat with either RTL402 or RTL403. As expected, both the individual RTLs were able to suppress EAE induced with the combination of nonthymic antigens (data not shown). These results indicate that treatment with a single RTL can suppress EAE induced with multiple T-cell specificities provided that one of the immunizing peptide is present in the RTL being used for the treatment.
To address the questions of bystander suppression and cytokine deviation, we initially tested RTL treatment of EAE in mice immunized with syngenic WSCH, which would contain all the relevant myelin peptides. We used RTL401 for the treatment since PLP-139 -151 is the immunodominant peptide in SJL/J mice. RTL401 was able to ameliorate clinical and histopathological signs of EAE induced with WSCH concomitant with increased production of anti-inflammatory cytokines (IL-10, IL-13, and IL-4) and reduction in proinflammatory cytokines and TNF␣) . Cells from lymph nodes obtained from control mice showed proliferative responses mainly to PLP-139 -151 and possibly PLP-43-64 peptides (Fig. 2) , but PLP-139 -151 was clearly immunodominant in WSCH-immunized mice, consistent with other reports (Whitham et al., 1996) . A low frequency of T-cells responsive to other potential epitopes in WSCHimmunized mice could be the possible reason for inability to detect proliferative response to other antigens in addition to . This is also supported by the fact that splenocytes from vehicle-treated WSCH-immunized mice, when stimulated with in 24 well plates, produced IL-2, IL-17, and TNF␣, suggesting the presence of T-cells responsive to these peptides in WSCH-immunized mice. Nonetheless, our data suggest that RTL treatment did modify the course of the immune response such that cells recovered from the RTL401-treated group were programmed to produce more anti-inflammatory cytokines than proinflammatory ones (e.g., a cytokine switch) when stimulated with WSCH. This observation supports the idea that the prevailing cytokine environment in the periphery of RTL-treated mice might also affect bystander T-cells with unrelated specificities.
We thus tested RTL treatment effects in mice immunized with the combination of two different encephalitogenic peptides and treated with single RTLs. Our first goal in these experiments was to establish a dual peptide-immunization protocol such that immune responses to subdominant peptides such as could be detected in addition to those induced easily by the immunodominant PLP-139 -151 peptide. As shown in Figure 5 , A and B, significant stimulation indices were detectable for all the three peptides used, although responses were highest to PLP-139 -151 as expected. Moreover, proliferation responses were decreased to both cognate and noncognate immunizing peptides in mice treated with RTL401, RTL402, and RTL403. It is noteworthy that proliferation responses were not completely ablated to either immunizing peptide in the RTL-treated groups, indicating persistence of the targeted T-cell specificities. To evaluate whether RTL treatment changed functional properties of the T-cells, splenocytes obtained from the different treatment groups were stimulated with respective peptides for 48 h and supernatants evaluated for cytokine secretion. Cells from the RTL401-, RTL402-, and RTL403-treated groups exhibited strikingly similar cytokine patterns when stimulated with , respectively, each secreting significantly less IL-17 and more IL-13 and IL-10 compared with their respective controls. We previously reported reduced IL-17 levels after RTL551 treatment of MOG-35-55 induced EAE (Sinha et al., 2007) . This cytokine is now recognized as the main driver of inflammation in EAE. Interestingly, when cells from the RTL401-treated group were stimulated with PLP-178 -191 or MBP-84 -104 (likewise for RTL402-and RTL403-treated groups) there were no differences in IL-17, IL-10, or IL-13 levels compared with controls (data not shown). This result indicates that RTL treatment causes an antigen-specific cytokine switch in the targeted encephalitogenic T-cell populations.
Of immunoregulatory significance is the increased secretion of IL-10 from splenocytes obtained from the RTL-treated groups that were stimulated with respective cognate peptides. Although initially thought to be a product of Th2 cells (Moore et al., 2001) , IL-10 is also produced by B cells (Moore et al., 2001; O'Garra and Vieira, 2004) , macrophages and dendritic cells (DCs) (Edwards et al., 2002; Dillon et al., 2004; Boonstra et al., 2006) analysis revealed that both T-cells and APCs from RTL-treated groups had significantly higher IL-10 mRNA transcripts than controls (data not shown). Moreover, our previous studies using human Th1 clones demonstrated that in vitro incubation with cognate RTL induced IL-10 secretion directly, as well as after subsequent restimulation with Ag presented by APC, indicating long-term modification of T-cell function ). This important anti-inflammatory cytokine induced by RTL treatment could thus mediate bystander suppression of other encephalitogenic T-cell specificities in a local environment. Similar IL-10-mediated bystander suppression has also been reported for Ig-PLP-139 -151 chimeric protein used to treat EAE induced with multiple epitopes . Along with IL-10, RTL treatment increased production of IL-13, another anti-inflammatory cytokine.
The overall effect of this immunosuppression in the periphery correlates with a marked reduction of infiltrating cells in the spinal cords of mice treated with RTLs and decreased production on a per-cell basis of both IL-17 and IL-2 of the remaining CNSderived cells. Reduced inflammation in the CNS of mice immunized with two peptides and treated with a single RTL also suggests that migration of T-cells of both peptide specificities was affected. In contrast, spinal cords from vehicle-treated mice had infiltrating cells both in the CNS parenchyma and blood vessels.
These data lend strong support to the hypothesis that antigenspecific treatment of EAE by RTLs can induce a cytokine switch in target T-cells that likely contributes to both specific and bystander suppression in the periphery and CNS. Future studies will evaluate the minimum frequency of target T-cells needed for RTL to trigger a cytokine switch sufficient to affect encephalitogenic T-cells of a different specificity, and whether bystander suppression affects mainly neuroantigen-specific T-cells or is simply dependent on the state of T activation regardless of Th subtype and TCR specificity. Our study has important implications for therapy of MS, in which little is known for certain about how many or which pathogenic T-cell specificities contribute to disease progression. 
